Introduction {#Sec1}
============

At any given moment, our sensory systems are confronted with an overwhelming amount of information. In order to maintain the ability of goal directed behavior, it is necessary to perform attentional selection, i.e. inhibition of irrelevant and facilitation of relevant information. Two distinct types of attention can be distinguished. Bottom-up (exogenous) attention is described as passive, reflexive and involuntary (e.g. caused by a sudden change of visual input in the periphery), whereas top-down (endogenous) attention is active and voluntary^[@CR1]^.

Spatial attention refers to the ability to focus attention on specific locations e.g. of the visual field or auditory scene. If the location of an upcoming target stimulus is indicated by a preceding stimulus (cue), faster reaction times (RTs) are commonly observed for correctly (validly) cued targets, whereas slower RTs are observed for incorrectly (invalidly) cued targets^[@CR2]^. In recent years, a growing body of research has linked spatial attention in different sensory domains to inter-hemispheric asymmetry of power in the α- and γ-frequency bands^[@CR3]--[@CR11]^. More specifically, α-oscillations are hypothesized to reflect inhibition of task irrelevant cortical areas^[@CR12],[@CR13]^, while γ-oscillations are thought to reflect active information processing^[@CR12]^. In line with this idea, increased power in the α-frequency band is commonly observed over cortical areas that process inputs from the unattended hemifield^[@CR3]--[@CR7],[@CR10],[@CR11]^, while increased γ-oscillations have been observed over regions responsible for processing the attended locations^[@CR8],[@CR10],[@CR11]^. Interestingly, asymmetry in the α-band appears to occur earlier (after the cue) than in the γ-band, which is strongest after onset of the target stimulus^[@CR10]^. Further, alterations of α-power lateralization have been observed in attention disorders such as ADHD^[@CR14]^ or visual neglect after stroke^[@CR15]^.

Evidence for these distinct inhibitory and excitatory roles of α- and γ-oscillations in spatial attention mostly stems from imaging studies. Such studies can reveal important relations between neural oscillations and human behavior, but can, however, only provide correlational evidence. In order to establish functional roles of α- and γ-oscillations in this domain, intervention studies modulating the oscillation of interest and monitoring the resulting behavioral changes are required^[@CR16]^. A method that receives growing popularity to achieve such interventions is transcranial alternating current stimulation (tACS)^[@CR17],[@CR18]^. During tACS, a weak oscillatory current is transcranially applied through the scalp via two or more electrodes. While a large proportion of the current is shunted through the skin, parts of the current reach the underlying cortex where they are thought to synchronize endogenous brain oscillations to the external driving force^[@CR17]--[@CR21]^. This way, tACS allows to modulate brain oscillations in a frequency specific manner. Although direct insight into stimulation effects on brain activity in humans are rare due to a massive stimulation artifact introduced to electrophysiological recordings^[@CR22]^, elevated power in the stimulated frequency band has been repeatedly observed in EEG recordings after stimulation^[@CR23]--[@CR27]^. Other studies applied stimulation at frequencies antagonistically coupled to the target oscillation in order to reduce its power. Stimulation in the γ-frequency range, for example, has been shown to attenuate power in the α-frequency band, in line with their antagonistic roles^[@CR28],[@CR29]^.

Recently, tACS applied in the α-and γ-frequency ranges over left auditory cortex has been shown to differentially modulate endogenous auditory spatial attention^[@CR30]^. In the current study, we aimed to extent this finding to the visual domain as well as to exogenous attention. To this end, we aimed to increase or decrease interhemispheric α- and γ-power asymmetry by applying lateralized tACS at α- or γ-frequency over the left or right occipital cortex while participants performed a visual-spatial cueing paradigm comprised of endogenous and exogenous cues. We hypothesized that during α-tACS applied to the occipital cortex contralateral to the cued direction, RTs increase after valid cues, while RTs decrease after invalid cues, as compared to RTs after these cues in absence of tACS and during γ-tACS (during γ-tACS contralateral to the cue direction we expected RTs to decrease after valid cues and to increase after invalid cues). We expected the opposite effect when tACS was applied ipsilaterally to the cue direction. Here, we hypothesized that RTs during α-tACS decrease after valid cues, while RTs increase after invalid cues, relative to RTs after these cues in absence of tACS and γ-tACS (during γ-tACS, we expected RTs to increase after valid cues and to decrease after invalid cues; the expected effects are visualized in Fig. [1](#Fig1){ref-type="fig"}a).Figure 1Experimental Design. (**a**) Expected effect of α- versus γ- stimulation on the spatial cueing effect (exemplary for left hemispheric stimulation). Black arrows indicate the expected change in RTs. (**b**) Time-course of the main experiment in two sessions. All four stimulation conditions were applied in one of the six blocks in each session. Blocks were performed in randomized order with the constraint that each of the four stimulation-free blocks (no-stim) follows a different tACS condition. Each of the blocks had a duration of \~ 8-min and contained 50% endogenous and 50% exogenous attention trials. (**c**) Structure of two exemplary trials with an endogenous (top) and an exogenous (bottom) cue. In valid trials (top) the target was presented on the cued location. In invalid trials (bottom) targets were presented opposite to the cued location. ISI: inter stimulus interval. (**d**) Electric field simulation for right and left hemispheric stimulation of the occipital cortex, simulated in an MNI-standard brain. Maps depict the magnitude of the electric field.

Materials and methods {#Sec2}
=====================

Participants {#Sec3}
------------

A total of 21 participants without reported history of neurological or psychiatric disease volunteered for the study. They all gave written informed consent prior to participation. All were non-smokers, right-handed according to the Edinburgh Handedness Scale^[@CR31]^ and had normal or corrected to normal vision. On two sessions, approximately one week apart, participants performed a total of 12 blocks of a spatial cueing task while receiving lateralized tACS at individual α- or fixed γ-frequency (47 Hz) or no stimulation over the left or right occipital cortex. Each session was comprised of all experimental conditions, such that the second session was essentially a repetition of the first (except for a different order of stimulation conditions, Fig. [1](#Fig1){ref-type="fig"}b) to obtain more data for analysis. One participant aborted the experiment after the first session. Thus, data of 20 participants (25 ± SD: 2.7 years, 10 females), remained for analysis. The study was approved by the 'Commission for Research Impact assessment and Ethics' at the University of Oldenburg and performed in accordance with the declaration of Helsinki.

Experimental design {#Sec4}
-------------------

In each of the two experimental sessions, participants performed six blocks of a spatial cueing paradigm (Fig. [1](#Fig1){ref-type="fig"}a, c). Visual stimuli were presented on a computer screen (Samsung P2470H, 1,920 × 1,080 pixels, 60 Hz refresh rate) at a distance of 77 cm. Participants' head position was maintained using a chin rest. Stimulus presentation was performed using Psychtoolbox 3^[@CR32]^ running on MATLAB 2016b (The MathWorks Inc, Natick, MA, USA). Participants were instructed to fixate a white cross (0.41° × 0.41° visual angle) on gray background in the center of the screen. Two hollow white squares (each 2.46° × 2.46°) to the left and right of the fixation cross indicated possible locations of the target stimulus. The horizontal distance from the edge of the squares to screen center was 4.42°. Each trial started with a fixation period followed by the presentation of a cue for 400-ms. The cue was either a white arrow, centrally presented above the fixation cross (endogenous cue) pointing towards one of the two target locations, or a brief increase in line-thickness of one of the white squares (exogenous cue). To ensure that participants perceive the cue as informative, a validity of 80% was chosen. A target stimulus (0.12° × 0.12°) was presented in one of the two possible locations 100--150-ms after offset of the cue. The target stimulus was a white rectangle presented in the center of one of the two target locations for a duration of 100-ms (Fig. [1](#Fig1){ref-type="fig"}c provides an illustration of the time course of an endogenous and an exogenous attention trial). Participants were instructed to indicate the position of the target stimulus by pressing a button with their left or right index finger. The time window for responses was limited to 1,000-ms after target onset. If participants failed to respond within this window, the trial was counted as incorrect. Manual responses were recorded using custom build response boxes connected to the parallel port of the stimulus PC, allowing to record RTs with sub-millisecond precision. To ensure constant fixation of the central cross, participants' gaze position was monitored online using an eye-tracker (TheEyeTribe, Copenhagen, Denmark), which sampled at 60 Hz. Gaze data was imported and analyzed online by the MATLAB code controlling the experiment using the EyeTribe Toolbox for MATLAB v0.03 (<https://github.com/esdalmaijer/EyeTribe-Toolbox-for-Matlab>). A region of interest (ROI) of 4.11° × 4.11° was defined around the central fixation cross. If participants' gaze position was detected outside the ROI during the time between cue onset and target offset, the trial was aborted. A text was displayed on the screen to inform participants about this. Edges of the ROI reflect a little less than half the distance (46%) between the screen center and the edges of the white squares, which indicate possible target locations. Aborted trials were repeated towards the end of the current block. A total of 180 completed trials (50% endogenous, 50% exogenous) were collected in each block, amounting to a duration of \~ 8 min per block. A nine-point calibration of the eye-tracker was performed in the beginning of each block. Prior to the main experiment, participants were given a practice block to get familiarized with the task and the fixation control.

Electrical stimulation {#Sec100}
----------------------

During four out of the six blocks in each experimental session, participants received different tACS conditions at α- and γ-frequency delivered to the left and right occipital/parietal cortex. Stimulation was administered in a single-blind design. As stimulation was remote controlled via the MATLAB code that controlled the entire experiment, we decided against a double blinding procedure to allow the experimenter to monitor and ensure the correct and safe tACS application of the system. In each condition, 1 mA (2 mA peak-to-peak) tACS was applied either in the α- (individual α-frequency) or γ- (47 Hz) range and administered to either the left or right occipital cortex. The γ-tACS frequency was chosen to target the center of the lower γ-band (35--65 Hz). During the two remaining blocks no stimulation was applied. All possible stimulation conditions were applied in each experimental session. Contrasting the aforementioned stimulation frequencies and target regions allows to assess the spatial and frequency specificity of tACS effects, as each of these conditions is expected to result in different modulations of participants' RTs (Fig. [1](#Fig1){ref-type="fig"}a). Further this design allows to largely rule out alternative explanations for stimulation effects such as peripheral mechanisms that could give rise to sensory entrainment (e.g. stimulation of the retina or cutaneous nerves)^[@CR33]--[@CR35]^. Due to the large distance of the stimulation electrodes to the retina, effects of retinal stimulation (phosphenes) should be spatially unspecific, whereas effects caused by stimulation of cutaneous nerves should cause effects opposite to those expected from a stimulation of the brain, as somatosensory input is processed contralaterally to the stimulated hemisphere. Alternatively, these visual or somatosensory sensations could simply distract participants (without entrainment of oscillations in the brain via sensory pathways). Indeed, after the experimental sessions, 13 participants reported sensations merely at the onset of stimulation, which, however, disappeared after few seconds. Assuming that sensations in the two stimulation conditions cause similar distractions, this would likely give rise to changes in RTs into the same direction for both stimulation frequencies and across cue types. In contrast, for a neurophysiological effect of stimulation we expect a differential effect of the two stimulation frequencies that reverses depending on the validity of the cue*.* Stimulation conditions were performed in randomized order with the constraint that stimulation-free blocks were balanced across the two sessions such that each of the stimulation-free blocks follows one out of the four stimulation conditions (Fig. [1](#Fig1){ref-type="fig"}b). Balancing was carried out to avoid systematic influences of carry-over effects from previous tACS conditions^[@CR25],[@CR26]^. A post-hoc inspection indicated a relatively equal distribution of stimulation conditions over time/blocks (Supplementary Fig. [S1](#MOESM1){ref-type="media"}), ensuring that outlasting effects commonly reported after tACS administration level out across participants. However, as an exception, α-tACS over the right hemisphere was disproportionately often delivered in the first block. TACS was delivered using a hybrid electrical stimulation/EEG system (Starstim 8, Neuroelectrics, Barcelona, Spain), remote controlled using MATLAB 2016a and the MatNic (Neuroelectrics, Barcelona, Spain) interface. Two pairs of circular, sintered Ag/AgCl electrodes (PiStim, Neuroelectrics, Barcelona, Spain) with a radius of 1 cm were placed over locations O1-P3 and O2-P4 of the international 10--20 system, targeting left or right occipital cortex (Fig. [1](#Fig1){ref-type="fig"}c). Electrodes were filled with an electrically conductive gel (Signa Gel, Parker Laboratories Inc., Fairfield, NJ, USA). Impedances were kept below 10 kΩ. Stimulation was started with a 1-s fade-in at the beginning of each block of the attention task and maintained until the end of the respective block (\~ 8-min). The first trial of each block started during the ramp-in period. Stimulation was faded-out over a 1-s period. The total stimulation duration across blocks was kept below 40-min per day.

Prior to the experiment, participants' IAF was determined from a 3-min EEG recording during rest with eyes-closed. Signals were recorded at a rate of 250 Hz from electrode Pz (reference: right earlobe, ground: AFz). The EEG signal was filtered between 1 and 40 Hz and segmented into 1-s epochs. Fast Fourier Transforms (2-s zero-padding, Hanning window) were computed on each of the segments and the resulting power spectra were averaged. The power peak in the 8--12 Hz range was used as stimulation frequency for the α-tACS conditions. Due to the much larger frequency band and the lower signal-to-noise ratio, which hinders time efficient estimation of an individual γ-frequency, γ-tACS was applied at a fixed frequency in the center of the lower gamma band (47 Hz). The hybrid electrical stimulation/EEG device allows for time-efficient application of multiple stimulation and EEG electrodes and flexible remote control over stimulation signals. However, due to insufficient dynamic range of the EEG system, the large stimulation artifact resulted in saturation of the EEG signals precluding any analysis of EEG signals during stimulation^[@CR22]^. We further refrained from analyzing task related EEG due to the low spatial sampling available from the system (4-channels).

Simulation of electric field {#Sec200}
----------------------------

To validate that our stimulation montage targets left and right occipital/parietal areas, respectively, we modelled the to-be expected electric field using the ROAST^[@CR36]^ toolbox (v2.7). The simulation was performed on a T1-weighted MNI (Montreal Neurological Institute) standard brain. Simulations were carried out separately for the P3-O1 and P4-O2 montages. Electrodes were modelled with a radius of 1 cm, a thickness of 3 mm, a gel layer of 3 mm and a current injection of 1 mA (zero-to-peak). The toolbox simulates the current flow between the pre-defined set of electrodes using a six compartment, finite element model (gray matter, white matter, cerebro-spinal-fluid \[csf\], bone, skin, air) obtained from a T1-weighted MRI using the SPM12 segmentation algorithm and a post-processing routine to optimize the output for electric field modelling (details on the post-processing can be found in ref. ^[@CR36]^). Default conductivities of the toolbox were used (WM: 0.126 S/m, GM: 0.276 S/m, csf: 1.65 S/m, bone: 0.01 S/m, skin: 0.465 S/m, air: 2.5e−14 S/m, gel: 0.3 S/m, electrode: 5.9e7 S/m). The resulting electric field maps depicting the magnitude of the field for each electrode montage is shown in Fig. [1](#Fig1){ref-type="fig"}d.

Data analysis {#Sec300}
-------------

Data analysis was performed using MATLAB 2018a. Statistical analysis was performed using R 3.6.1 (The R Core Team, R Foundation for Statistical Computing, Vienna, Austria) running on R Studio 1.2.5019 (R Studio Team, R Studio Inc. Boston, MA, USA).

Analysis of RTs was carried out exclusively on correct responses. Early responses that were too fast to reflect direct reactions to the onset of the target stimulus, but may rather be attributed to a reaction in response to the cue (\< 150-ms after target onset), as well as extremely slow RT (exceeding 4 standard deviations of participants' individual average RT) were removed from analysis. For statistical analysis, we fitted linear mixed-effects models (LMMs) using the *lme4* package for R. In a first step, we modelled participants' single trial RTs in stimulation-free blocks as a function of the fixed effects CUEVALIDITY and ATTENTIONTYPE to validate that our task induced a reliable attentional modulation irrespective of the type of attention. We then proceeded to model participants' single trial RTs as a function of CUEVALIDITY (2 levels, valid vs. invalid), ATTENTIONTYPE (2 levels, endogenous vs. exogenous), CUEDIRECTION (relative to the stimulated hemisphere; 2 levels, ipsi- vs. contralateral), HEMISPHERE (2 levels, left vs. right hemispheric stimulation) and STIMULATION (2 levels, α vs. γ). These factors represent all experimental manipulations carried out in the study and were chosen a priori. To rule out the possibility that the model overfits the data, it was compared to all possible models incorporating subsets of the aforementioned predictors using Akaike's Information Criterion (AIC). AIC confirmed that this full model was superior in explaining the data as compared to the other possible models (Supplementary Table [T1](#MOESM1){ref-type="media"}). In all models, a random intercept was allowed for each participant (random effect). LMMs have advantages over traditional Analyses of Variances (ANOVA) as they can take individual variability between participants (e.g. overall tendencies to react faster or slower) into account and leverage single trial data, rather than condition averages. P-values for main effects and interactions were obtained using Satterthwaite approximation implemented in the *anova* function of the *lmerTest* package for R. As there are no standardized measures of effect size available for individual predictors in LMMs, the unstandardized coefficient *b* corresponding to the estimated change in the dependent variable per level of the predictor is reported. Significant interactions were resolved by splitting the data by the levels of one of the predictors. P-values obtained from such follow up analysis were Bonferroni-Holm corrected. In case of significant modulations of RTs by α- versus γ-tACS, conditions were additionally contrasted against RTs of the corresponding experimental conditions in the stimulation-free blocks using the same statistical approach. A full overview of all statistical results of the models is given in Supplementary Tables [T2](#MOESM1){ref-type="media"}--[T11](#MOESM1){ref-type="media"}.

Results {#Sec8}
=======

Spatial cueing effect {#Sec9}
---------------------

The linear mixed effects model on single trial RTs in absence of stimulation yielded significant effects of CUEVALIDITY (b = −65.6, F~1,12910~ = 2,357.12, *p* \< 0.001) and ATTENTIONTYPE (b = 9.24, F~1,12910~ = 21.05, *p* \< 0.001), as well as a significant interaction of the two predictors (b = −5.5, F~1,12910~ = 3.87, *p* = 0.049). Similarly, the linear mixed effects model on single trial RTs during stimulation as a function of CUEVALIDITY, ATTENTIONTYPE, CUEDIRECTION, HEMISPHERE and STIMULATION revealed a strong effect of CUEVALIDITY (LMM, b = -64.1, F~1,26088~ = 4,877.69, *p* \< 0.001) and ATTENTIONTYPE (LMM, b = 7.0, F~1,26088.1~ = 19.07, *p* \< 0.001). Overall, these results replicate the spatial cueing effect commonly observed in the task. The models predict an RT benefit of \~ 65-ms for valid as compared to invalid cues, indicating that our task successfully induced a spatial cueing effect (Fig. [2](#Fig2){ref-type="fig"}a,b). Further, the models suggest slower RTs (\~ 7 to 9-ms) during exogenous as compared to endogenous attention trials.Figure 2RT differences during α- and γ-tACS over the different experimental conditions. For display purposes RTs are shown after the average RT of each subject over all conditions has been subtracted from single trial data (ΔRTs). Top panels depict condition averages (dots) with their respective 95% confidence intervals (CI, error bars) obtained from non-parametric bootstrapping. Means and CIs were computed from the pooled single trial data of all subjects. Grey, horizontal lines depict average ΔRTs in absence of stimulation. Asterisks indicate significant differences between conditions (^(^\*^)^*p* \< .1, \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001). Bottom panels show violin plots depicting the range and probability density of single trial ΔRTs across conditions pooled over all subjects underlying the averages in the top panel. Horizontal lines within the violins indicate the median. Black dots depict the mean, vertical black lines indicate the standard deviation (SD). (**a**) ΔRTs during endogenous attention trials. (**b**) ΔRTs during exogenous attention trials. Differences between valid and invalid cues reflect the well documented spatial cueing effect in both attention conditions. While there was no effect of α-/γ-tACS on exogenous attention (**b**), in endogenous attention (**a**), α-tACS over the right hemisphere globally increased RTs compared to γ-tACS and no stimulation, irrespective of the task condition (orange vs. violet bracket, right panel). When applied over the left hemisphere α- and γ-tACS differentially modulated RTs of invalid but not valid endogenous attention trials (left panel).

tACS modulates RTs in endogenous but not exogenous attention {#Sec10}
------------------------------------------------------------

In addition to the two main effects, the LMM on RTs during stimulation yielded significant interactions between STIMULATION, CUEDIRECTION, ATTENTIONTYPE and HEMISPHERE (LMM, b = −36.0, F~1,26088~ = 6.04, *p* = 0.014) and CUETYPE, STIMULATION, CUEDIRECTION, ATTENTIONTYPE and HEMISPHERE (LMM, b = 34.4, F~1,26088~ = 5.07, *p* = 0.024, Supplementary Table [T2](#MOESM1){ref-type="media"}).

The significant interactions suggest that stimulation may have had different effects on endogenous and exogenous attention. In order to further resolve this relationship, we split the data by the factor ATTENTIONTYPE and fitted two LMMs with predictors CUEVALIDITY, CUEDIRECTION, HEMISPHERE and STIMULATION to separately model RTs of endogenous and exogenous attention trials. The LMM on exogenous trials revealed a strong effect of CUEVALIDITY (LMM, b = −65.8, F~1,12642~ = 2,149.61, *p*~Bonferroni--Holm~ \< 0.001), indicative of a spatial cueing effect elicited by exogenous cues. However, no other predictors or interactions turned out significant (all *p* \> 0.28, Supplementary Table [T3](#MOESM1){ref-type="media"}), indicating that tACS did not differentially modulate exogenous spatial attention (Fig. [2](#Fig2){ref-type="fig"}b).

Similar to the exogenous attention conditions, RTs during endogenous trials were strongly affected by CUEVALIDITY (LMM, b = −64.1, F~1,13427~ = 2,826.10, *p*~Bonferroni--Holm~ \< 0.001), indicative of a spatial cueing effect during endogenous attention trials. However, in addition, this analysis revealed a significant effect of STIMULATION (LMM, b = 9.7, F~1,13427~ = 5.66, *p*~Bonferroni--Holm~ = 0.035) and an interaction between STIMULATION, CUEDIRECTION and HEMISPHERE (LMM, b = 27.0, F~1,13427~ = 10.49, *p*~Bonferroni--Holm~ = 0.002; Fig. [2](#Fig2){ref-type="fig"}a; Supplementary Table [T4](#MOESM1){ref-type="media"}).

Right occipital α-tACS increases RTs independent of the cue {#Sec11}
-----------------------------------------------------------

To further resolve the influence of the stimulated hemisphere on the modulation of endogenous attention, we split the data by the factor HEMISPHERE and subsequently modelled single trial RTs with predictors CUEVALIDITY, CUEDIRECTION and STIMULATION for the two datasets. In line with the previous analyses, we observed strong effects of CUEVALIDITY in both models (right hemisphere: LMM, b = −66.1, F~1,6711~ = 1,424.18, *p*~Bonferroni--Holm~ \< 0.001; left hemisphere: LMM, b = −64.0, F~1,6697.1~ = 1,415.01, *p*~Bonferroni--Holm~ \< 0.001). For stimulation applied to the right hemisphere, we further observed a significant main effect of STIMULATION (LMM, b = −7.2, F~1,6711.1~ = 7.54, *p* = 0.012). None of the other main effects or interactions were significant (*p* \> 0.31, Supplementary Table [T5](#MOESM1){ref-type="media"}). According to the model slope, RTs were \~ 7-ms shorter during γ- as compared to α-tACS, irrespective of the cued location or cue validity (Fig. [2](#Fig2){ref-type="fig"}a, right panel). Additional comparisons against the pooled stimulation-free trials of all blocks indicate that α-tACS increased RTs by \~ 6-ms compared to stimulation-free blocks (LMM, b = 6.0, F~1,9998~ = 10.24, *p* = 0.001, Supplementary Table [T6](#MOESM1){ref-type="media"}), while there was no difference between γ-tACS and no-stimulation (LMM, b = −0.8, F~1,10016~ \< 0.01, *p* = 0.95, Supplementary Table [T7](#MOESM1){ref-type="media"}). Due to the disproportionally high prevalence of right hemispheric α-tACS in the first block (Supplementary Fig. [S1](#MOESM1){ref-type="media"}), this result has to be interpreted with caution, as it could have arisen from an order effect. Indeed, when we added the block order as an additional random intercept to the model, the significant difference between α-tACS and no-stimulation vanished (b = −2.8, F~1,3357.3~ = 1.49, *p* = 0.22).

Differential effects of left occipital α- versus γ-tACS on invalid but not valid trials {#Sec12}
---------------------------------------------------------------------------------------

Analysis of trials during left hemispheric stimulation yielded significant interactions of STIMULATION and CUEDIRECTION (LMM, b = −22.0, F~1,6697~ = 12.55, *p*~Bonferroni--Holm~ \< 0.001) and CUEVALIDITY, STIMULATION and CUEDIRECTION (LMM, b = 18.8, F~1,6697~ = 6.99, *p*~Bonferroni--Holm~ = 0.016; Supplementary Table [T8](#MOESM1){ref-type="media"}).

As the last interaction indicates an influence of the validity of the cue on the effect of stimulation, we further split endogenous attention trials with left hemispheric stimulation into valid and invalid trials and separately modelled RTs as a function of STIMULATION and CUEDIRECTION. The LMM on valid trials did not reveal any significant main effect or interaction (all *p* \> 0.29; Supplementary Table [T9](#MOESM1){ref-type="media"}), indicating that left hemispheric stimulation did not affect RTs of validly cued trials. In contrast, the LMM on invalidly cued trials, yielded a significant interaction between STIMULATION and CUEDIRECTION (LMM, b = −22.4, F~1,1276.2~ = 11.88, *p*~Bonferroni--Holm~ = 0.001; Fig. [2](#Fig2){ref-type="fig"}a, left panel; Supplementary Table [T10](#MOESM1){ref-type="media"}).

In order to resolve which combinations of stimulation frequency and cue direction (α + ipsi, α + contra, γ + ipsi, γ + contra) drove the interaction, we employed four additional LMMs. Two LMMs were used to contrast RTs after ipsi- versus contralateral cues during α- or γ-tACS, respectively. The other two LMMs were used to contrast RTs during α- versus γ-stimulation after cues ipsi- or contralateral relative to the stimulated hemisphere, respectively. Conceptually, the approach is similar to post-hoc t-tests between factor level combinations in an ANOVA design to resolve the origin of interactions. In addition, we tested if the employed stimulation protocols changed RTs relative to stimulation-free blocks. To this end, we used the pooled invalid endogenous attention trials from all stimulation-free blocks and contrasted these against the aforementioned conditions. P-values obtained from the 8 tests were FDR corrected for multiple comparisons. The analysis yielded significant differences between ipsi- versus contralateral γ-tACS (LMM, b = −14.0, F~1,620.55~ = 9.38, *p*~FDR~ = 0.018), as well as between contralateral α- versus γ-tACS (LMM, b = 10.8, F~1,635.34~ = 5.55, *p*~FDR~ = 0.045) and ipsilateral α- versus γ-tACS (LMM, b = 12.3, F~1,622.36~ = 7.21, *p*~FDR~ = 0.03). Only during contralateral γ-tACS RTs significantly differed compared to no-stimulation (LMM, b = −8.1, F~1,1567.1~, *p*~FDR~ = 0.044; Fig. [2](#Fig2){ref-type="fig"}a, top panel, left). The remaining contrasts did not reach significance (Supplementary Table [T11](#MOESM1){ref-type="media"}).

Discussion {#Sec13}
==========

The current study investigated whether lateralized α- and γ-tACS, aiming to modulate interhemispheric α-/γ-power asymmetry over occipital and posterior-parietal cortices, modulates visual-spatial attention. We found a differential effect of α- and γ-tACS over the left occipital cortex on the spatial cueing effect during endogenous attention. This effect is in line with the excitatory role of γ- and the inhibitory role of α-oscillations^[@CR12],[@CR13]^. The effect was not evident for exogenous attention and appears to be specific to α-/γ-tACS applied over the left occipital cortex. When applied to the right hemisphere, α-tACS appeared to globally increase RTs irrespective of the cue direction or validity. However, due to an imbalance in the order of stimulation conditions this finding has to be interpreted with caution as the effect might be driven by a bias in the order of stimulation conditions. The differential effect of tACS over the left hemisphere on endogenous attention was limited to modulations of RTs in invalid trials, reflecting attentional disengagement and re-orientation.

Our findings are in line with recently reported effects of α- and γ-tACS on endogenous auditory attention^[@CR30]^. In that study, stimulation of the left auditory cortex resulted in increased performance in response to stimuli presented to the contralateral side during γ-tACS and decreased performance during α-tACS. However, the authors applied tACS exclusively to the left hemisphere, such that the absence of effects in the remaining experimental conditions cannot be compared. Even more recently, α-tACS applied to the left posterior-parietal cortex exclusively modulated endogenous, but not exogenous visual attention or target detection^[@CR37]^. Again, this pattern of findings is in line with the effect of left-hemispheric α-tACS in our experiment. With the current results we extend previous work, establishing a differential effect of left occipital-parietal α- versus γ-tACS on endogenous but not exogenous visual-spatial attention. Further, our results suggest that effects were driven by modulations of RTs during invalid trials, reflecting attentional disengagement and re-orientation. In another recent study, α- and γ-tACS were applied targeting the right inferior parietal lobe (angular gyrus). Here, α-tACS selectively modulated exogenous attention, while γ-tACS affected endogenous attention^[@CR38]^.

Interestingly, the differential effect of tACS on endogenous attention in our study was specific to stimulation of the left occipital cortex and endogenous attention. Together these findings may indicate that oscillations in different frequency bands serve distinct roles within different attentional sub-systems. The different effects between hemispheres may further suggest distinct roles of the two hemispheres for controlling α-/γ-power during endogenous attention. While power in the right hemisphere may determine the general level of activation/deactivation, the dynamic in the left hemisphere may predominantly control power asymmetry by up- and down-regulating α- and γ-power relative to the right hemisphere. Indeed, some studies on α-power asymmetry in visual-spatial and auditory attention showed stronger α-power dynamics in the left hemisphere^[@CR3],[@CR5],[@CR6],[@CR39]^. In one of these studies only α-power modulation in the left hemisphere was predictive of participants attentional performance^[@CR3]^. In a recent neurofeedback study, Bagherzadeh et al. trained participants to voluntarily control their posterior α-power asymmetry. Irrespective of whether participants had to bias their α-power towards the left or the right hemisphere, they up- or downregulated α-power in the left hemisphere to achieve the required asymmetry, while power in the right hemisphere remained stable^[@CR39]^. It should be noted, however, that these lateralized differences in α-power dynamics have so far only been reported as unexpected side-findings^[@CR3],[@CR39]^, or are evident from visual inspection of results, but were not explicitly discussed by the authors^[@CR5],[@CR6]^. Thus, more research is needed to systematically evaluate the role of the different hemispheres in α- and γ-power asymmetry. For example, based on the current evidence, it remains elusive if the roles of the hemispheres depend on participants' handedness (i.e. if left handed individuals may show an opposite effect as reported here). All of the aforementioned studies (and this one) exclusively recorded right-handed participants (except for two left handed volunteers in Ref. ^[@CR5]^)^[@CR3],[@CR5],[@CR6],[@CR39]^.

The modulatory effect of α- and γ-tACS in our study was limited to endogenous attention and not observed during exogenous attention. There is ongoing debate if the two types of attention originate from the same brain networks. Most studies suggest the existence of partly overlapping but independent subsystems^[@CR1]^. These networks differ, among others, with respect to the recruitment of subcortical structures^[@CR40]--[@CR42]^, the existence of feedback loops from frontal and parietal areas^[@CR43],[@CR44]^ as well as in their time-courses. For example, P1 and P300 components of the event-related potential exhibit earlier latencies during exogenous as compared to endogenous attention^[@CR45]^. The differences in the susceptibility to tACS may be seen as additional evidence that endogenous and exogenous attention are represented in distinct subsystems.

In the current study, we applied lateralized α-/γ-tACS with the aim to modulate interhemispheric α-/γ-power asymmetry and observed modulations of RTs during endogenous attention. However, we do not have direct insights to what extent tACS has induced lateralized power changes in the targeted frequency bands due to technical limitations of our EEG system. Assessing effects of tACS on electrophysiological measures imposes a major challenge, as EEG signals are massively contaminated by a strong electromagnetic artifact that cannot be reliably removed up to this point^[@CR22]^. Given recent successful attempts to uncover online effects of tACS on event-related oscillations^[@CR29],[@CR46]^, future studies may be able to directly observe effects of lateralized α- and γ-tACS on (event-related) inter-hemispheric α-/γ-power asymmetry.

While our results indicate frequency specific effects of α- and γ-tACS on endogenous attention, the role of other frequency bands has not been assessed. We decided to employ no additional control frequencies to keep tACS-dosage and general task demands at a reasonable level for our participants. Future studies should test if similar effects could be achieved by targeting other frequency bands. There is, for example, evidence that oscillations in the β-band show similar power asynchrony patterns over posterior areas as those in the α-band^[@CR10]^.

It has recently been argued that electric fields inside the brain during conventional tACS might be too weak to modulate endogenous brain oscillations directly^[@CR47],[@CR48]^. Following these concerns, it has been suggested that tACS exerts its effects indirectly via stimulation of peripheral nerves in the retina or the skin^[@CR33],[@CR34]^. This explanation seems, however, incompatible with the distinct spatial pattern of our results. On the one hand, the large distance of stimulation electrodes to the eyes in combination with the partial crossing of visual information in the thalamus, should cause effects of retinal stimulation (i.e. rhythmic phosphenes) to be spatially unspecific. Effects in the current study, however, were limited to stimulation of the left hemisphere. Effects caused by stimulation of cutaneous nerves, on the other hand, should cause effects opposite to those expected from direct stimulation of the brain, as somatosensory input is processed contralaterally to the stimulated hemisphere. This should have given rise to a pattern of stimulation effects opposite to those predicted and observed in the current experiment. Importantly, recent work suggests that tACS can still entrain brain activity even if somatosensory input is blocked^[@CR49]^ and that the electric field inside the brain, rather than in the periphery, predicts aftereffects of tACS on the power of human brain oscillations^[@CR50]^. Alternatively, stimulation effects could potentially also arise from distraction of participants by visual or somatosensory sensations (without entrainment of brain oscillations via sensory pathways). Such effects should, however, lead to similar effects (i.e. modulation of RT into the same direction) during α- versus γ-tACS rather than a differential effect as observed in our results. Further it seems unlikely that distraction by sensation causes a specific effect in one experimental condition, rather than a general modulation of RTs across multiple conditions.

Given that psychiatric disorders such as ADHD and visual neglect involve alterations in interhemispheric α-/γ-power asymmetry the current results should be discussed in the light of potential treatment options for such disease. Behavioral effects observed in tACS studies are often relatively small^[@CR51]^. In the current study, LMMs predict that α- and γ-tACS over the left hemisphere caused changes in RT in the range of \~ 10- to 14-ms. These effects are not sufficiently large to abolish or revert the effect of spatial cueing which was almost sixfold (65-ms) but may be sufficient to bias pathological states of attention in a clinical setting. In recent years different factors have been discussed to contribute to the variability of brain stimulation effects, such as time of day, age, medication and genetic disposition^[@CR52]^. Further, inter-individual variability in head anatomy and the resulting differences in the induced electric fields may play a major role^[@CR50],[@CR53]--[@CR55]^. Individually tailored stimulation protocols and montages may substantially reduce variability and elevate stimulation effects in the future. Such protocols should also aim to individualize stimulation frequencies. Mismatches between tACS frequency and the individual, dominant frequency of the target oscillation have repeatedly been suggested as a source of variability^[@CR24],[@CR50],[@CR56]^. In the current study, stimulation frequencies were determined from short resting-state recordings. Although this approach provides an estimate of participants IAF that may be closer to the dominant frequency during the task than a fixed frequency, task engagement is known to potentially change the IAF^[@CR57],[@CR58]^. Estimating IAF directly during the task, ideally in a closed-loop setup, may thus further increase tACS effects. In addition, as stimulator systems are relatively cheap, mobile and easy to apply^[@CR59],[@CR60]^, repeated application of tACS e.g. over the course of a week may further enhance stimulation effects. It may thus be worthwhile for future studies to test if patient groups suffering from conditions associated with dysfunctional inter-hemispheric α-/γ-asymmetry could benefit from lateralized α-/γ-tACS.

Conclusions {#Sec14}
===========

The current study aimed to investigate the causal role of α-/γ-asymmetry for endogenous and exogenous visual-spatial attention using tACS. Lateralized α/γ-tACS was able to modulate RTs in the spatial attention task. Noteworthy, the effect was limited to the left hemisphere and endogenous attention. These results provide evidence for distinct roles of α- and γ-oscillations for top-down visual attention and could be indicative of a left hemispheric dominance in the control of α- and γ-power lateralization in the visual cortex.
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